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Abstract 
A macroscopic model of the solidification process in a rotary electromagnetic stirrer is 
presented. The fluid flow, heat and mass transfer inside a rotary stirrer are modeled using 3D 
swirl flow equations in which turbulent flow is simulated using a k-ε model. A hybrid model 
is used to represent the mushy zone, which is considered to be divided into two regions: a 
coherent region and a non-coherent region. Each region is represented by a separate set of 
governing equations. An explicit time-stepping scheme is used for solving the coupled 
temperature and concentration fields, while an implicit scheme is used for solving equations 
of motion. The coupling relations also include eutectic solidification, which is an important 
feature in modeling solidification with electromagnetic stirring, especially in the context of 
the formation of semi-solid slurry. The results from the present numerical solution agree well 
with those corresponding to experiments reported in literature.    
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Nomenclature 
C Solute concentration (wt%) 
c Specific heat (J/Kg K) 
D Mass diffusivity (m2/s) 
f Mass fraction 
g Liquid fraction 
h Enthalpy (J/Kg) 
m slope of the liquidus line 
K Thermal conductivity (W/mK) 
k0 Permeability constant 
p Pressure (Pa) 
S Source term 
T Temperature (K) 
t Time (seconds) 
U Velocity (m/s) 
u r-direction velocity component (m/s) 
vθ θ-direction velocity component (m/s) 
w z-direction velocity component (m/s) 
k Turbulent kinetic energy 
ε Turbulent energy dissipation 
Greek symbols 
α Diffusion parameter 
β Back diffusion parameter 
ρ Density (Kg/m3) 
ρC Mixture concentration 
ρH Mixture enthalpy  
Φ Variable 
Γ Diffusion constant 
∆H Latent heat (J/Kg) 
θ θ - direction 
Subscripts 
s Solid 
l Liquid 
eut Eutectic 
f Fusion 
old Previous time step value 
max maximum value 
t Turbulent 
r r-direction 
z z-direction 
θ θ-direction 
Superscripts 
ref Reference value 
s solid phase 
1. Introduction 
Solidification of binary mixtures does not exhibit a distinct front separating solid and 
liquid phases. Instead, the solid is formed as a permeable, fluid saturated, crystalline-like 
matrix. The structure and extent of this multiphase region, known as the mushy region, 
depends on numerous factors, such as the boundary and initial conditions. During 
solidification, latent energy is released at the interfaces that separate the phases within the 
mushy region. The distribution of this energy therefore depends on the specific structure of 
the multiphase region. Latent energy released during solidification is transferred by 
conduction in the solid phase, as well as by the combined effects of conduction and advection 
in the liquid phase. Fluid motion may be induced by external means, may occur naturally by 
thermal and/or solutal buoyancy forces, and may also be caused by expansion or contraction 
of the system due to phase transformation. Concentration variations are primarily due to 
differences in the solubilities of constituents within each phase. Such differences lead to the 
selective rejection of constituents at microscopic phase interfaces. The rejected constituents 
are transported by fluid advection and, to a lesser extent, by diffusion within the phases.  
As convection is found to be an important factor affecting solidification and transport 
of constituents, several researchers have made attempts to control the solidification process 
through fluid flow. Flow induced by magnetic fields is commonly used in the solidification 
processing of electrically conducting fluids such as molten metals and semiconductors [1], a 
practice which even dates back to the early 1930’s [2]. Typically, magnetic fields may be used 
to promote convection deep inside the melt pool, or to suppress turbulence effects and 
fluctuations in melt flow. Control of melt convection has been explored in both metals and 
semiconductor industries, leading to improvements in both process control and product 
quality.  
Electromagnetic stirring systems can be designed for several modes of stirring, namely 
rotary stirring, linear stirring, or combinations of both. Rotary stirring uses a rotating 
magnetic field (RMF), which is widely used in metal industries to control flow, heat and mass 
transfer at the solidification front [3,4] and to promote the columnar-to-equiaxed transition 
(CET) [4]. This effect results from swirling flow that homogenizes the liquid phase. Previous 
work that gave insights into the flow structure during RMF-driven solidification came from 
numerical [3-10] and experimental [4,9,10] research. The experimental and computational 
study of solidification of aluminum alloy A356 with a RMF [10] showed a significant radial 
and axial segregation of silicon concentration and eutectic fraction. The RMF-driven 
directional solidification of binary Al-7wt%Si alloy under microgravity conditions is 
numerically studied by Hainke et al. [8].   
With strong electromagnetic stirring, dendrites can fragment at the roots, leading to 
the formation of semisolid slurry in the mushy region. This phenomenon has led to the 
development of semisolid processing of alloys [11]. The solidification process and distinct 
flow behavior of the semi-solid slurries during feedstock preparation needs to be understood 
in semisolid forming (SSF) processes. As solidification progresses, the fundamental 
characteristics of the stirred melt change beyond a certain critical value of solid fraction. In 
this context, Mat and Illegbusi [12] have developed hybrid mushy zone model to simulate 
flow in the mushy zone, in an attempt to predict the final macrosegregation pattern. Kumar 
and Dutta [13] have developed a macroscopic model for semi-solid billet casting which uses a 
separate solid fraction transport equation to simulate the transport of fragmented dendrites in 
the slurry. Recently, Chowdhury et al. [14] have developed continuum model for SSF which 
incorporates phenomenon of solid phase interactions. 
          Even though there have been several studies performed on solidification in presence of 
electromagnetic stirring, very little work has been reported (e.g. [10]) on models involving 
eutectic fraction predictions, which is an important feature in modeling solidification 
involving electromagnetic stirring.  A recent work on an explicit-implicit time stepping in 
solidification process [15] is important in the present context since, it has the flexibility to 
readily account for microsegregation and back-diffusion in the solid region, which can result 
in a more accurate prediction of eutectic solid fraction. However, it is yet to be implemented 
in RMF solidification problems. Also, there is no literature that uses hybrid mushy model in 
RMF solidification problems, which can represent semi-solid slurry more accurately. Hence 
in present work, a numerical model of solidification process in rotary electromagnetic stirrer 
that uses a partial explicit-implicit time stepping scheme [15] and a hybrid model for the 
mushy zone [12], is undertaken.  The fluid flow, heat and mass transfer inside a rotary stirrer 
are modeled using 3D swirl equations where turbulent flow is modeled using a k-ε model. 
The mushy region is considered as completely equiaxed slurry that is divided into two 
regions; a mobile solid phase region and a coherent region.  The hybrid mushy region model 
represents these two regions with separate sets of governing equations. An explicit time-
stepping scheme is used for solving the coupled temperature and concentration fields, while 
an implicit scheme is used for solving equations of motion. Subsequently, this model is 
validated with experimental results reported in literature [10] for the solidification of A356 
alloy in a rotary electromagnetic stirrer.  
2. Mathematical model 
The transport phenomena in a rotary electromagnetic stirrer are governed by the conservation 
of mass, momentum, energy and solute transport in 3-D swirl flow conditions. Additionally, 
turbulent flow is modeled through the use of two-equation k-ε model, where k is the 
turbulence kinetic energy and ε is the rate of dissipation of kinetic energy. The continuum 
mixture model, originally formulated by Bennon and Incropera [16] and later modified by 
Mat and Ilegbusi [12] to include a hybrid mushy zone, is used as a starting point for modeling 
solidification in presence of a rotating magnetic field. In this formulation, the mushy region of 
equiaxed slurry is divided into two regions: (i) a non-coherent region in which solid is moving 
with liquid, and (ii) a coherent region in which solid does not move (i.e. us=0). The two 
mushy regions are shown schematically in figure 1.  In the non-coherent mushy region where 
solid is moving with liquid, it is assumed that there is no relative velocity between solid and 
liquid phases, and that solute diffusion is negligible in comparison to transport by advection. 
Based on this approach, the coherent and non-coherent mushy regions are modelled using 
separate sets of governing equations.  In the formulation of the model, the following 
additional assumptions are invoked:  
(1) The flow is described by the conservation equations for an incompressible Newtonian 
fluid with constant properties,  
(2)  Solidification shrinkage is neglected because forced convection dominates shrinkage 
driven flow. 
(3) The fluid velocity is substantially lower than the characteristic velocity for the driving 
magnetic field (low magnetic Reynold’s number regime). 
(4) The various material properties, including thermal conductivities, electrical 
conductivities, specific heats, and magnetic permeabilities are same and constant in 
solid as well as in liquid phases.  
The macroscopic conservation equations for heat and solute are constructed according to a 
mixture model, by adding the equations of the two phases. To begin with, we define the solid 
and liquid phase enthalpies as: 
           ,Tch ss =                                 (1) 
          ,HTch ll ∆+=                      (2) 
where cs and  cl  are the solid and liquid specific heats (assumed constant in respective 
phases), respectively. With the above definitions, the mixture enthalpy can be expressed as: 
 [ ] llssss hghgH ρρρ )1( −+=         (3) 
Accordingly, the mixture concentration can be expressed as: 
 [ ] llsssss CgCgC ρρρ )1( −+=        (4) 
Effects of turbulence are represented by the two-equation (k-ε) model using the constants 
reported in Launder and Spalding [17].  For unsteady and incompressible fluid flow 
calculations, the conservation equations for all transport variables in cylindrical co-ordinates, 
with swirl in θ - direction, can now be written. First, the continuity equation, which is 
common for both zones, is written as follows: 
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For the transport of momentum, energy and solute, separate sets of governing equations are 
written for each zone in the mushy region. It is assumed that coherent mush exists for liquid 
fraction gl < gc, where gc is a critical liquid fraction value (also called the coherency point), 
beyond which the mushy region is assumed to be non-coherent. The value of  gc will changes 
depending on morphology but we have chosen constant value (gc = 0.6) because the solid 
grains are globular and uniform in  a typical semisolid slurry. For the coherent zone, solid 
velocity is zero and the mushy region behaves like a porous medium. Hence, the equations for 
the coherent zone are similar to those for columnar solidification, for which the solid velocity, 
us, is zero. These equations can be written as: 
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z-direction momentum 
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θ-direction momentum 
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Turbulent kinetic energy equation 
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Energy dissipation equation 
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Energy equation 
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Solute Transport 
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The non-coherent zone (gl > gc) is characterized by solid particles moving with the liquid 
without any relative velocity (i.e. us = ul) and drag between solid-liquid phases is neglected. 
The corresponding the governing equations are as follows: 
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z-direction momentum 
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θ-direction momentum 
( ) θθθθθθθθ µµρ Fr
v
z
v
r
v
r
uv
z
vw
r
vu
t
v
t +⎟⎠
⎞⎜⎝
⎛
−
∂
∂
+
∂
∂
+=⎟⎠
⎞⎜⎝
⎛
+
∂
∂
+
∂
∂
+
∂
∂
22
2
2
2
0
    (15) 
Turbulent kinetic energy equation 
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Turbulent energy dissipation equation 
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Energy equation 
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Solute Transport 
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The constants used in the equations for k and ε  are [17], 
σk=1.0, σε=1.3, cε1=1.44 and cε2=1.92.       (20) 
The differences in source terms pertaining to energy equations for coherent and non-coherent 
zones arise due to the presence of mush convection in the latter case.  Some of the other 
source terms used in the above equations are as follows: 
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The convective term of mixture solute equations is given by following equation, 
        [ ] lllssssss uCguCgCu ρρρ )1( −+=                  (24) 
For the coherent zone, us = 0, hence the above equation will be modified as:  
        [ ] llls uCgCu ρρ )1( −=                     (25) 
For the non-coherent zone, us = ul, hence the equation will be modified as: 
         [ ] ( ) [ ]uCuCgCgCu lllsssss ρρρρ =−+= )1(                   (26) 
From fluid flow perspective, the main difference in coherent and non-coherent region is in 
way we model the mushy region, wherein the solid phase velocity is zero in the coherent 
region and it is equal to liquid phase velocity in the non-coherent mushy region. The 
additional source terms in momentum equations for the coherent zone come from the Carman-
Kozeny model for flow through porous mushy region. The Carman-Kozeny relations are 
represented as [19]: 
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In the non-coherent mushy region, the slurry molecular viscosity variation with solid fraction, 
as given in ref [18], has been used: 
( ) cls ggforg ≥= 5.4exp0 µµ     (28) 
3. Numerical Details 
In the present study, a non-uniform structured grid is used as shown in figure 2. Initially, [ρH] 
and [ρC] are solved using the explicit scheme. Subsequently, coupling equations are solved, 
undergoing inner iterations. In the present study, the temperature – concentration coupling 
used is similar to that described in Voller et al. [19]. A full description of the explicit form of 
equations for solute and temperature and the explicit-implicit algorithm is given in Pardeshi et 
al. [15]. The momentum equations, along with the continuity equation, are discretized using a 
finite volume method (FVM) as described in Patankar [20]. These equations are discretized 
using implicit time stepping scheme. The momentum and continuity equations are solved 
using the SIMPLER algorithm [20] and tri-diagonal matrix solver. Convergence is declared in 
the implicit iteration loop when ⏐(φ-φold) / φmax⏐< 10-5, where φ stands for solved variables at 
a grid point at the current iteration level, φold represents the corresponding value at the 
previous iteration level, and φmax is the maximum value of the variable at the current iteration 
level in the entire domain. The convergence criterion for the iterative loop that solves the 
coupling equations is that the correction in the nodal solid fraction value satisfies the 
condition ⏐g-gold ⏐< 10-4, where g is solid fraction value at current iteration and gold is solid 
fraction value at previous iteration. 
4. Results and Discussion 
The numerical model developed here is applied for the case of solidification of Al-7 
wt %Si alloy in a rotary electromagnetic stirrer. The test case corresponds to an experimental 
study reported in literature [10], in which Al-7wt %Si (A356) alloy is solidified in a bottom-
cooled cylindrical cavity. The side wall of the cavity is insulated.  For the present simulations, 
the bottom surface heat transfer coefficient is obtained from experimental temperature 
measurements [10]. A zero mass flux condition prevails on all the walls of the cavity for the 
solute conservation equation. The binary fluid is considered to be Newtonian and 
incompressible, and its thermo-physical data are given in Table 1. A non-uniform grid system 
of 30 × 80 grids and a time step of 0.0001 seconds are used for the simulations.  
After 5 seconds of cooling at the bottom wall, current to the magnetic coil is switched 
on, creating a rotating electro-magnetic field in the cavity. The force field is generated using a 
current supply of 12 amperes. The electromagnetic force distribution used in the present 
simulation is the same as that used in [10]. With the given condition, solidification of the 
alloy commences immediately at the cold bottom boundary. At later times, three regions will 
exist in the cavity: a fully solid region, a mushy region, and a fully liquid region. Some 
pertinent results from the simulations are discussed below. 
4.1 Evolution of flow pattern 
In present mathematical model, the driving force (Lorentz force) for fluid flow is in the swirl 
direction (i.e. in θ - direction), which leads to primary flow in that direction. Figure 3 (a) 
shows the flow field in the θ-direction, which has variation in radial as well as in axial 
directions.  Figure 3 (b) shows a contour plot of the θ-direction velocity component. This 
primary flow gives rise to a secondary flow in the r-z plane. The secondary flow in radial and 
axial directions is due to pressure field evolutes from the primary flow. Figure 4 shows 
streamlines due to secondary flow at three different time levels (at 10, 40, and 80 seconds) 
after start of solidification. As shown in fig. 4, the secondary flow has two cells originating as 
a result of variation of magnetic field in the z-direction, which agrees well with previous 
findings reported in literature [10]. The cell at the bottom has anti-clockwise motion while the 
top cell has flow in the clockwise direction.  With progress in solidification, the bottom cell 
decreases in size, as observed from the streamline patterns at later times.  
4.2 Progress of Solidification 
Figure 5 shows progress of solidification at the same time levels (at 10, 40, and 80 
seconds). In the non-coherent mushy region, where the solid phase is mobile, there is 
evidence of solid phase transport from the bottom to the top of the cavity, due to the action of 
the secondary convection cells. On the other hand, the coherent mushy region with stationary 
solid is a thinner region. Because of the anti-clockwise nature of flow in the bottom cell, the 
mushy region gets deformed into a dome-like shape. 
4.3 Solute Transport 
The solute transport, and hence macrosegregation patterns, are also expected to be 
different in the two zones of the mushy region. Figure 6 (a) and 6(b) shows contours of liquid 
concentration (at 10, and 40 seconds), which shows solute transport from the bottom to the 
top of the cavity in the central region. In the coherent mushy region, macrosegregation occurs 
as the rejected solute in this region is transported from the bottom of the cavity to the top due 
to fluid flow. In the non-coherent zone, however, the solid phase moves with same velocity as 
the liquid phase, and this does not lead to any macrosegregation.  Figure 6 (c) shows the 
macrosegregation pattern, which shows negative segregation at the bottom and positive 
segregation at the top of the cavity. 
4.4 Comparison of eutectic solid fraction with experimental data 
Figure 7 shows eutectic solid fraction variation in the axial direction along the central 
axis from the bottom of the cavity to the top, and the prediction from the model is compared 
with experimental and simulation results given in [10]. It is observed in fig. 7 that the eutectic 
fraction dips in the region close to the bottom surface, rises again and stays at a nearly 
constant level up to the top of the cavity. This axial variation of eutectic concentration mimics 
the interfacial solute concentration variation with time, as the interface progresses from the 
bottom to the top. The initial solidification forms a solute-rich liquid layer at the interface, 
leading to high eutectic concentration in the solid. However, after the stirrer is switched on at 
time t = 5 seconds, there is a sudden drop in concentration due to transport of solute from the 
bottom of the cavity to the top.  Due to solute transport, this solute-depleted region will 
solidify mostly in a non-eutectic manner. Thereafter, vigorous fluid flow promotes motion of 
solid phase and good mixing of solute, the producing a homogeneous slurry. This slurry 
progressively solidifies with a nearly constant eutectic solid fraction.  Figure 8 shows 
variation of eutectic fraction in the radial direction. The trend predicted by the present model 
shows a good agreement with experimental data.   
Effect of back diffusion parameter 
Microsegregation models are useful components in large-scale simulations of alloy 
solidification systems in predicting the final concentration distribution. In this context, an 
important role of a microsegregation model is to provide an estimate of the dilution (assuming 
a partition coefficient of less than unity) of the liquid phase due to the back-diffusion into the 
solid. In binary eutectic alloys, the dilution will affect the amount of eutectic phase that forms. 
In the present simulation, the explicit-implicit scheme [15] uses a dynamic back-diffusion 
model to make a quantitative assessment of the effect of back diffusion on the prediction of 
eutectic fraction. Comparison of two extreme cases of no back-diffusion β=0 and complete 
solid state diffusion β=1 is shown in figure 9.  The eutectic fraction profile at the end of 
solidification is shown along the axis of the cylindrical casting. In the case of no (or low) 
back-diffusion, the dilution of liquid concentration is negligible, and hence the amount of 
eutectic formation is larger than that formed with a large back-diffusion parameter.  
6. Conclusions 
A numerical model of solidification process in rotary electromagnetic stirrer is presented.  
The fluid flow, heat and mass transfer inside a rotary stirrer are modeled using 3D swirl flow 
equations where turbulent flow is modeled using a k-ε turbulence model. The explicit 
approach results in a local point-by-point coupling scheme for the temperature and 
concentration fields that uses constitutive model for back diffusion in solid. The coupling 
equations also accounts for eutectic solidification, which is an important parameter in 
production of semisolid casting using electromagnetic stirring. Results from the present model 
show a good agreement with experimental data on eutectic fraction prediction and marginal 
improvement over results from existing simulations. The eutectic fraction distribution at a 
later stage of solidification shows a nearly uniform pattern, suggesting good mixing due to 
stirring. Inclusion of back diffusion effects in the model results in significant difference in 
prediction of final eutectic fraction. 
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Property  Value 
Partition coefficient  (k)  0.13 
Eutectic composition (Ce) 12.6 % Si 
Liquidus slope -6.9047  °C / %Si  
Melting temperature of pure aluminum 660 °C 
Specific heat 963 J/Kg K 
Latent heat 397500 J/Kg  
Molecular viscosity of liquid 10-2 Pa.s 
Electrical conductivity  4.0 × 106  1/Ωm 
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